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Abstract: Ruthenium vinyl carbenes derived from Cp/Cp*RuCl-
based complexes have been routinely invoked as key intermediates 
in tandem reactions involving a carbene/alkyne metathesis (CAM). A 
priori, these intermediates resemble the Grubbs-type family of 
catalysts, but they exhibit a completely different reactivity pattern 
that few, if any, other catalytic system can reproduce so far. The 
reactivity of these species with α-unsubstituted and α-substituted 
alkynals showcases the peculiarities of these intermediates. While Z-
vinyl dihydrooxazines are preferentially obtained with the former, Z-
vinyl epoxypyrrolidines are obtained with the latter. A combination of 
spectroscopic and computational data now prove that a η3-
coordination mode of the ruthenium vinyl carbene and the presence 
of a Lewis basic chloride ligand give rise to two markedly different 
stereoelectronic faces that are responsible for the unconventional 
reactivity of these species. 
Introduction 
Organometallic catalysis involving metal carbenes could be 
considered as a milestone in organic synthesis. Chemical 
reactions such as olefin metathesis,[1] cyclopropanation,[2] ylide 
formation,[3] cross-coupling[4] or C-H bond functionalization[5] are, 
nowadays, fundamental transformations in the organic chemistry 
laboratory. From a synthetic point of view, tandem (or cascade) 
processes of catalytic metal carbenes are particularly relevant 
due to the rapid generation of molecular complexity in a single 
step.[6] In this context, carbene/alkyne metathesis (CAM) leading 
to reactive metal vinyl carbene intermediates has emerged as a 
powerful tool for the construction of highly functionalized 
polycyclic structures.[7] On the one hand, dirhodium(II)-based 
catalytic systems have clearly dominated the field due to the 
mild reaction conditions required for carbene formation and the 
possibility to easily tune the reactivity and stereoselectivity by 
ligand modification (Figure 1a).[8] However, the high 
electrophilicity of rhodium carbenes and the limited coordination 
capabilities of dirhodium paddlewheel complexes may render 
the CAM step slower than other side reactions (carbene 
dimerization, Bamford-Stevens reaction, unselective nucleophilic 
attacks, etc.), thus, restricting the development of new 
methodologies to intramolecular reactions.[9] On the other hand, 
Grubbs-type ruthenium carbenes are known to be suitable 
complexes for inter- and intramolecular CAM processes (enyne 
metathesis),[10] but the low electrophilicity that makes them 
highly chemoselective for metathesis, avoids their use in other 
tandem CAM (Figure 1b). Alternatively, our research group and 
others have been reporting the use of Cp/Cp*RuCl-based 
complexes for the catalytic generation of ruthenium vinyl 
carbenes from alkynes and diazocompounds via intermolecular 
CAM (Figure 1c).[11] These intermediates can lead to dienes,[12] 
cyclopropanes,[13] C-H insertion products[14] or ylide inter-
mediates which eventually afford benzoxazines,[15] furans,[16] 
vinyl dihydropyrans/dihydrooxazines[17] and vinyl 
epoxypyrrolidines.[18] Remarkably, Cp*/CpRuCl-based 



















































Figure 1. Reactivity and properties of rhodium and ruthenium carbenes and 
their CAM-derived vinyl carbenes. 
Interestingly, during our studies of the reactivity of aza-alkynals 
with diazocompounds in the presence of Cp/Cp*RuCl-based 
complexes,[17-18] we observed that the formation of vinyl 
dihydrooxazines and vinyl epoxypyrrolidines is only determined 
by a subtle modification of the starting aza-alkynal (Scheme 1). 
Apparently, the presence or absence of substitution at α position 
dictates, in a highly chemoselective manner, which reaction 
pathway the proposed ruthenium vinyl carbene intermediate 
must follow. In virtue of these findings we hypothesized that 
geometrical and/or electronic effects after vinyl carbene 
formation are responsible of the different reactivity towards 
aldehydes. [a] Dr. D. Padín, Prof. J. A. Varela, Prof. C. Saá 
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Scheme 1. Divergent behavior of catalytic ruthenium vinyl carbenes towards 
aldehydes. 
In our aim to gain further insights into the divergent behavior of 
catalytic ruthenium vinyl carbenes towards aldehydes, herein, 
we present a deep theoretical and experimental study for the 
dichotomous formation of dihydrooxazines and 
epoxypyrrolidines as well as the first experimental evidence for 
the formation of reactive ruthenium η3-vinylcarbenes from 
alkynes and diazo compounds. 
Results and Discussion 
A series of experimental studies and DFT calculations at the 
ωb97XD/ccPVTZpp (Ru), 6-311++G(d,p) (all other atoms)-SMD 
(diethylether)//ωb97XD/Lanl2dz (Ru), 6-31G(d,p) (all other 
atoms)-SMD (diethylether) level of theory[19] using the Gaussian 
09 package[20] were performed to understand the basic 
principles that govern the reactivity of ruthenium vinyl carbenes 
derived from CAM processes catalyzed by Cp/Cp*RuCl-based 
complexes. 
Experimental evidence for the formation of reactive Ru η3-
vinylcarbenes 
The description of ruthenium η1-vinylcarbenes of type 4 (Figure 
2) has been traditionally ligated to the development of well-
defined precatalysts for olefin metathesis.[21] The group of 
Grubbs clearly demonstrated that η1 coordination is crucial for 
catalytic activity since η3-vinylcarbenes of type 5 were poorly 
reactive in the polymerization of diphenylacetylene and 
completely unreactive in ring closing metathesis.[22] These 
results were later confirmed computationally by Straub and 
coworkers.[23] Interestingly, the half-sandwich binuclear 
ruthenium η1-vinylcarbene 6 was also a catalytically competent 
complex for ROMP of strained olefins, but much less active than 
typical Grubbs-type catalysts.[21b] Although most efforts were 
originally focused in the development of better ruthenium 
precatalysts for olefin metathesis, little attention was paid to 
understand the requirements needed to develop other tandem 


























Figure 2. Precedents in the isolation and characterization of ruthenium vinyl 
carbenes. 
The successful results obtained by Fürstner and coworkers in 
the isolation and characterization of ruthenium carbenes from 
propargylic alcohols[24] prompted us to use a similar strategy to 
detect the formation of ruthenium vinyl carbenes through CAM, 
considering that propargylic alcohols proved to be competent 
substrates for tandem reactions involving CAM processes.[12c] 
Thus, we prepared complex 7 by combining the readily available 
tetramer [Cp*RuCl]4 and 1-(1-propynyl)cyclohexanol (Scheme 2). 
This complex was then treated with 1 equiv. of 
trimethylsilyldiazomethane, causing an instantaneous color 
change from deep purple to dark brown/green, and the crude 













































Scheme 2. Preparation of a Ru η3-vinylcarbene by CAM. 
To our initial surprise, the clean formation of two isomeric 
carbenic species, as revealed by the appearance of two strongly 
deshielded resonances at 316.3 ppm and 312.1 ppm in 13C-
NMR, was observed after 10 min of reaction at room 
temperature in a 1:1 ratio, which after 2-3 h evolved to just one 
single isomer (see Supporting Information for details). NOESY 
experiments allowed us to attribute the generation of these two 
species to the isomerization of the kinetically favored 8-Z to the 
more thermodynamically stable 8-E ruthenium vinyl carbene, 
which was previously accounted by DFT calculations in our 
group.[25] After total isomerization, vinyl carbene 8-E proved to 
be relatively stable in solution for several days, which allowed its 
full characterization by NMR techniques (Table 1). A series of 
statements can be inferred from these data: 
i. Neither 1H-NMR signals of the monosubstituted carbene 
derived from decomposition of trimethylsilyldiazomethane[26] nor 
evidences of binuclear complexes of type 6 (Figure 2) were 
observed, which indicates just the formation of a disubstituted 
donor-donor carbene through a rapid CAM. 





ii. Even though we started from an internal alkyne, the CAM 
step shows a high regioselectivity forming only the compound 
with the carbene adjacent to the carbon bearing the hydroxyl 
group as shown by its deshielding in 13C-NMR (89.7 ppm vs. 
69.0 ppm in the starting propargylic alcohol). Moreover, the 1H-
NMR low-field shift of the OH from 1.97 ppm to 3.30 ppm 
indicates an interligand hydrogen bond between the hydroxyl 
group and the chloride ligand,[24b,27] which may be responsible, 
together with the different steric hindrance at both sides of the 
alkyne, of the regioselectivity control. 
iii. The shielding of both 1H-NMR and 13C-NMR signals of the 
alkene moiety totally agrees with the only ruthenium η3-
vinylcarbene reported to date in literature (5 in Figure 2).[28] Thus, 
vinylic hydrogen 5 and carbon 5 showed higher-field resonance 
signals than typically found in uncoordinated olefins,[26a] 2.78 
ppm and 62.3 ppm, respectively, as well as the quaternary 
carbon 6, at 87.4 ppm (Table 1). 
iv. The ruthenium atom becomes tetrasubstituted and, 
therefore, chiral as suggested by the appearance of 
diastereotopic carbons in the cyclohexane ring (4, Table 1) as 
shown in the 13C-NMR spectrum. 



































1H-NMR δ (ppm) 13C-NMR δ (ppm) 
1 0.20 1 0.7 
2 1.75 2 11.3 
3 1.88 3 16.2 




5 2.78 5 62.3 
6 3.30 6 87.4 
  7 89.7 
  8 99.7 
  9 316.3 
DFT description of a Cp*RuCl η3-vinylcarbene 
In order to compare the high reactivity of Cp/Cp*RuCl η3-
vinylcarbenes arising from the combination of diazocompounds 
and alkynes in CAM processes[12-15,17-18] with the unreactive 
ruthenium η3-vinylcarbene 5 (Figure 2), we performed a 
thorough geometrical/electronic description of the former 
species using DFT calculations. Accordingly, η3 coordination 
induces an out-of-plane bending of the Ru-C1-C2-C3 fragment 
of roughly 18° (Figure 3) which exposes preferentially one side 























Figure 3. Structural description of a Cp*RuCl η3-vinylcarbene by DFT 
modeling. 
Unlike typical Grubbs-type vinyl carbenes, DFT calculations 
show that Cp*RuCl η3-vinylcarbenes are significantly more 
stable than its η1 counterpart (Figure 4), probably due to a 
combination of geometrical restrictions imposed by the piano-
stool disposition of the ligands, the intramolecular steric 
repulsion between alkyl chains in the donor-donor carbene and 
the increased stability of an 18 e- complex as compared to an 
unsaturated 16 e- complex. At the same time, η3-coordination 
saturates the metal and would prevent (or seriously hamper) 



















 = ∆Gº(η1) - ∆Gº(η3) = + 7.8 kcal/mol
 
Figure 4. Steric and electronic stabilization of Cp*RuCl η3-vinylcarbene vs. η1-
vinylcarbene. 
Having established the unique geometrical and electronic 
properties of Cp*RuCl η3-vinylcarbenes we now focus our 
attention on their divergent reactivity towards alkynals with the 



































































































Figure 5. Free energy profile for the formation of vinyl dihydrooxazines through ylide formation. Note: For the sake of simplicity, TMS = SiMe3. 
elucidation of the mechanistic pathways that lead to vinyl 
dihydrooxazines 2 or vinyl epoxypyrrolidines 3 depending on the 
aza-alkynal 1 used (Scheme 1). 
Ylide formation vs. (2+1) cycloaddition with α-unsubstituted 
aza-alkynals. The non-innocent role of Cl ligand. 
First, the mechanism for the formation of vinyl dihydrooxazine 
from aza-alkynal 1a was examined. The two possible pathways 
arising from the nucleophilic addition of the carbonyl group to 
both sterically differentiated faces of the initially formed 
[Cp*RuCl] η3-vinylcarbene A were computed (Figure 5).[30] 
Interestingly, the nucleophilic addition of the carbonyl to the 
ruthenium carbene through the Re face is significantly more 
favorable than the addition through the Si face (ReTSA_B vs. 
SiTSA_B). Moreover, ylide intermediate ReB is 14.1 kcal/mol more 
stable than ylide SiB. Such remarkable difference in energy 
cannot be only attributed to an increased steric hindrance 
through the Si face of the carbene; thus, a closer examination of 
the structures of both transition states and intermediates 
revealed an unexpected contribution of the Cl ligand (Figure 6): 
i) in the A→ReB step, the Ru-Cl bond distance increases by 0.17 
Å; however, in the A→SiB step, an elongation of only 0.05 Å is 
observed; ii) the Caldehyde-Cl distance in ReB is 1.89 Å, which is 
well below the sum of the van der Walls radii of both atoms (3.52 
Å) and close to a standard C-Cl single bond (1.75-1.85 Å); iii) 
the carbonyl carbon in ReB clearly experiments a deviation from 
planarity, which indicates a partial sp3 rehybridization due to the 
proximity of the Cl ligand. All these evidences suggest that the 
chloride ligand acts as a Lewis-base cocatalyst by a) facilitating 
the nucleophilic addition to the vinyl carbene, b) stabilizing 
polarized intermediates (ion pair) and c) modulating the electron 














Figure 6. Optimized structures for ruthenium vinyl carbene A and ylide inter-
mediates SiB and ReB. 
Ylide B would subsequently evolve through TSB_C via an 
intramolecular 1,5-hydrogen shift of the pseudo-axial proton in 
syn disposition respect to the Cp*RuCl fragment (highlighted in 
green in Figure 5) followed by an almost barrierless reductive 
elimination of the formed ruthenium hydride species C to afford 
the coordinated vinyl dihydrooxazine D. Once again, the non-
innocent chloride ligand is responsible for the more favorable 
hydrogen shift through the Re face than through the Si face 
(ΔΔGǂ SiTSB_C vs. ReTSB_C = 6.4 kcal/mol) by creating a 
coordination vacant on the ruthenium due its partial dissociation 
in intermediate ReB.[31]
 
























































































Figure 7. Free energy profile for the formation of vinyl epoxypyrrolidines. Note: For the sake of simplicity, TMS = SiMe3. 
The mechanism of the competitive vinyl epoxypyrrolidine 
formation was subsequently analyzed. After an extensive 
examination, two reaction pathways that lead to the formation of 
epoxypyrrolidines were identified, being both only operative 
through the less sterically hindered Re face of the carbene 
(Figure 6).[32] 
The first mechanism examined (Figure 7, grey pathway) involves 
an endergonic electrocyclization of the ruthenium vinyl carbene 
A to the ruthenacyclobutene I. Then, after a conformational 
rearrangement of the alkyl chain (I→II), an almost barrierless 
1,2-migratory insertion (ΔGǂ(TSII_III) = 1.7 kcal/mol) of the 
carbonyl group into the Ru-Csp2 bond of the ruthenacyclobutene 
irreversibly affords the oxaruthenacycle III. Finally, intermediate 
III undergoes a facile reductive elimination to give the observed 
epoxypyrrolidine coordinated to the Cp*RuCl fragment. 
Alternatively, vinyl carbene A was also found to directly evolve 
to epoxypyrrolidine IV* through an irreversible and concerted 
(2+1) cycloaddition (ΔG‡(TSA_IV*) = 23.1 kcal/mol, Figure 7, black 
pathway). To the best of our knowledge, such reaction pathway 
has never been considered in literature concerning (2+1) 
cycloadditions of polarized C=X bonds (X = heteroatom). 
Even though the latter mechanism is only slightly lower in 
energy than the former and, therefore, we cannot unequivocally 
determine the precise mechanism for the formation of 
epoxypyrrolidines, comparing the pathways shown in Figures 5 
and 6, we can conclude that vinyl carbene A, derived from an α-
unsubstituted alkynal, preferentially evolves to dihydrooxazine 
ReD (ΔΔGǂ TSA_IV* vs. ReTSB_C = 1.7 kcal/mol), which is in accord 
with the experimental result. 
The case of α-monosubstituted alkynals 
The chemoselective cyclization of α-monosubstituted alkynals 
was analyzed next. To this end, (S)-configured alkynal 1b (a L-
alanine derivative) was selected as the model substrate. It is 
important to note that, given the chiral nature of alkynal 1b and 
the chiral-at-metal ruthenium complexes two possible 
diastereoisomers arise upon coordination of the alkyne to the 
metal center (i and ii complexes, Figure 8). This fact was taken 
into consideration not only for the study of chemoselectivity but 










































Figure 8. Two possible scenarios arise upon coordination of chiral alkynal 1b 
to a prochiral ruthenium complex.
 

































































































































































Figure 9. Free energy profile for the chemoselective cyclization of α-monosubstituted alkynals. Vinyl dihydrooxazine vs. Vinyl epoxypyrrolidine. Note: For the sake 
of simplicity, TMS = SiMe3. 
All possible routes for the cyclization of alkynal 1b (ylide 
formation through the Si and Re faces of the carbene in 
complexes ASS and ARS, concerted/stepwise (2+1) 
cycloadditions to epoxypyrrolidines and Z to E isomerizations of 
the vinyl moiety) have been considered, showing only the lowest 
energy pathways in Figure 9 leading either to dihydrooxazine or 
epoxypyrrolidine products (for other less relevant reaction 
pathways see Supporting Information). 
The reaction starts with the formation of the two diastereomeric 
ruthenium carbenes i and ii (ΔΔGº (i, ii) = 2.0 kcal/mol) by 
coordination of alkynal 1b to the ruthenium carbene complex, 
followed by an irreversible CAM reaction through very similar 
activation barriers (ΔGǂ = 8.7 and 8.6 kcal/mol for TSi_ASS and 
TSii_ARS, respectively) to afford ruthenium vinyl carbenes ASS 
and ARS. From this point, both diastereomeric vinyl carbene 
species follow different reaction pathways. 
On the one hand, vinyl carbene ARS preferentially evolves to 
epoxypyrrolidine IV*RS through a concerted (2+1) cycloaddition 
(grey pathway, ΔΔGǂ = 16.2 kcal/mol. Figure 9) rather than to 
dihydrooxazine by nucleophilic attack of the carbonyl group to 
the vinyl carbene through the Re face (ΔΔGǂ (TSARS_ReBRS, 
TSARS_IV*RS) = 0.8 kcal/mol) which reversibly provides ylide 
ReBRS (red pathway), which cannot further evolve due to the lack 
of a hydrogen atom at α position with a syn disposition respect 
to the Cp*RuCl fragment (1,5-migration is not possible). In 
addition, the presence of this methyl group in ReBRS precludes 
the assistance of the chloride ligand in the nucleophilic attack 
due to steric hindrance, thus, increasing the activation energy for 
the nucleophilic attack (Lewis catalysis Off). The alternative for 
the dihydrooxazine formation, nucleophilic attack of the carbonyl 
through the Si face (orange pathway), is not feasible either 
(ΔΔGǂ = 7.6 kcal/mol above the concerted (2+1) cycloaddition, 
Lewis catalysis Off). Remarkably, the stepwise (2+1) 
cycloaddition that involves the electrocyclization of the vinyl car-
bene ARS to the ruthenacyclobutene (indigo pathway) is 
significantly higher in energy respect to the concerted route 
(ΔΔGǂ = 6.2 kcal/mol). 
On the other hand, the fate of vinyl carbene ASS is not so clear. 
The pathway to dihydrooxazine SiDSS by nucleophilic attack of 
the carbonyl group to the Si face of the vinyl carbene, assisted 
by the chloride ligand (chloride Lewis catalysis On), and 
subsequent 1,5-hydrogen migration (pseudo-axial hydrogen in 
syn disposition) are possible (clear blue pathway) and 
competitive with the concerted (2+1) cycloaddition (pink 
pathway) to epoxypyrrolidine IV*SS (ΔΔGǂ (TSASS_IV*SS, 
TSASS_SiDSS) = 0.2 kcal/mol). As for the diastereoisomer ARS, 
pathways to dihydrooxazine ReBSS by nucleophilic attack of the 
carbonyl through the Re face (brown pathway), would place the 
methyl group syn to the Cp*RuCl fragment, precluding its 
evolution to dihydrooxazines, while stepwise (2+1) cycloaddition 
to epoxypyrrolidines (dark blue pathway) is higher in energy. 





In order to determine the relative final distribution of products 
from the potential energy surface shown in Figure 9, we 
performed kinetic Monte-Carlo (KMC) simulations[25,33] from the 
α-monosubstituted alkynal (S)-1b and Cp*RuCl(CHSiMe3) 
(Figure 10). According to this simulation, after a rapid CAM (2 x 
10-6 s), vinyl ruthenium carbenes ARS and ASS are formed in a 
57:43 ratio, respectively. As previously explained, intermediate 
ARS exclusively affords the vinyl epoxypyrrolidine IV*RS, with a 
1R,4S,5S configuration of the stereocenters, in a 57% yield, 
being other alternative reaction pathways negligible. On the 
other hand, vinyl ruthenium carbene ASS yielded, through two 
competitive processes which are very close in energy, the 
dihydrooxazine SiDSS in a 23% yield and the epoxypyrrolidine 
IV*SS, with a 1S,4S,5R configuration of the stereocenters, in a 
17% yield. 
 
Figure 10. KMC simulation for the evolution of alkynal (S)-1b as a function of 
molar fraction and time. 
Theoretical and experimental results are in reasonably good 
agreement not only identifying the major product, but, 
remarkably, in the ratio and absolute configuration of the two 
diastereoisomeric epoxypyrrolidines obtained as shown in 
Scheme 3 and Figure 11.[34] According to the calculated reaction 
profile, the epoxypyrrolidine should be obtained in a 74% yield 
as a 3.3:1 mixture of diastereomers and the dihydrooxazine in a 
23% yield. This prediction is in a reasonably good agreement 
with the experimental results (50% isolated yield of 
epoxypyrrolidine in a 2.3:1 ratio of diastereomers). Our results 
suggest that the diastereoselectivity observed in the cyclization 
of α-monosubstituted alkynals cannot be attributed to any 
steric/electronic differentiation in the starting material, but to the 
partial destruction of one of the diastereoisomeric vinyl carbene 
intermediates (ASS in the present case), which also explains the 
lower reaction yields obtained with these substrates as 

















































Scheme 3. Comparison between the theoretical and the experimental 
outcome of the cyclization of α-substituted alkynals. 
 
Figure 11. X-ray diffraction analysis of an analogue of epoxypyrrolidine 3b 
(benzyl- instead of methyl-substituted epoxypyrrolidine). 
All experimental and computational data presented in the 
previous sections allowed us to propose the mechanistic 
rationale depicted in Figure 12 for the cyclization of alkynals. 
First, the Cp*RuCl(cod) complex easily loses its cod ligand in the 
presence of trimethylsilyldiazomethane and the alkynal to afford 
intermediate i/ii. After a fast and concerted CAM reaction, a 
distorted η3-vinyl carbene A is formed irreversibly. At this stage, 
the mechanism bifurcates depending on the presence/absence 
of substituents at α position to the carbonyl group. With α-
unsubstituted alkynals, vinyl carbene A preferentially evolves 
through a reversible nucleophilic attack to afford ylide B. This 
nucleophilic attack must occur through the face that places the 
carbonyl group close to the chloride ligand, thus benefiting from 
a Lewis-base assistance. Then, a metal-assisted 1,5-hydrogen 
migration gives rise to species C, which undergoes a rapid 
reductive elimination to afford the observed 
dihydropyran/dihydrooxazine. 














































































Figure 12. General mechanistic proposal for the cyclization of alkynals.
Alternatively, vinyl carbene A, derived from an α-substituted 
alkynal, preferentially evolves through a concerted (2+1) 
cycloaddition (TSA_IV) to directly give epoxypyrrolidines. 
Conclusion 
To conclude, a combined experimental and computational study 
has been performed in order to shed some light on the 
peculiarities of half-sandwich ruthenium vinyl carbenes derived 
from a carbene/alkyne metathesis process. According to our 
results, the piano-stool arrangement of Cp*RuCl-vinylcarbenes 
favors a η3-coordination mode which induces a deformation from 
planarity of the ruthenium carbene. Such distortion seems to 
increase the reactivity of the ruthenium vinyl carbene. At the 
same time, the presence of the chloride ligand in an appropriate 
disposition acts as a Lewis base cocatalyst and promotes 
nucleophilic attacks to the ruthenium vinyl carbene. The 
combination of these effects are directly related to the divergent 
behavior of these species with α-unsubstituted and α-substituted 
alkynals. While the absence of substitution at α position enables 
ylide formation and subsequent 1,5-hydrogen 
migration/reductive elimination to dihydrooxazines, substitution 
at α position hinders the latter pathway and decreases the 
energetic barrier for an unconventional concerted (2+1) 
cycloaddition between the metal carbene and the carbonyl group 
to yield epoxypyrrolidines. We anticipate that the results 







Experimental part including characterization data, computational details, 
optimized geometric parameters for all calculated structures and non-
active reaction pathways. 
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A combination of spectroscopic and computational data shows that a distorted 
ruthenium η3-vinylcarbene derived from a carbene/alkyne metathesis together with 
the Lewis basic chloride ligand generate two markedly different stereoelectronic 
faces that are responsible for their unconventional reactivity. 
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